We study the motility-induced aggregation of active Brownian particles on a porous, circular wall. We observe that the morphology of aggregated dense-phase on a static wall depends on the wall porosity, particle motility, and the radius of the circular wall. Our analysis reveals two morphologically distinct, dense aggregates; a connected dense cluster that spreads uniformly on the circular wall, and a localized cluster which breaks the rotational symmetry of the system. These distinct morphological states are similar to the transitions obtained in planar, porous walls. We systematically analyze the parameter regimes where the different morphological states are observed. We further extend our analysis to motile circular rings and show that the ring propels ballistically due to the force applied by the active particles when the dense particle aggregates form a localized cluster, thus spontaneously extracting effective work from the system. arXiv:2001.04654v1 [cond-mat.soft] 
I. INTRODUCTION
Active fluids that consist of self-motile elements are known for their large-scale collective ordering. A large class of such systems that occur in nature, such as bird flocks, fish schools, and cytoskeletal filaments, display both orientational and density ordering [1, 2] . On the other hand, synthetic self-motile particles without shape anisotropy show only density ordering [3, 4] . Such a density ordering caused by the aggregation of particles in the absence of adhesive interactions is known as motilityinduced phase separation (MIPS) and have been extensively studied theoretically [3] [4] [5] [6] [7] [8] , as well as validated in experiments [9] [10] [11] [12] [13] [14] [15] [16] [17] . Although MIPS is a highly nonequilibrium process, its qualitative similarities to equilibrium liquid-gas phase separation have motivated the formulation of an effective thermodynamic approach to explaining this phenomenon. Such descriptions involve formulations of pressure [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , surface tension [28] [29] [30] [31] , and chemical potential [32] [33] [34] , in the context of active systems.
It has been shown previously that the presence of a non-adhesive planar wall enhances the MIPS, since the slowing down of active particles due to wall repulsion leads to the nucleation of dense phase on the wall [18, [35] [36] [37] . Since most of the micron-scaled active systems in nature are confined [38] , it becomes imperative to understand how the dynamics of these active particles get modified in the presence of such walls [39] . It has been shown recently that the wall-adhesion properties of active particles can be utilized for sorting and trapping of such particles, by effectively tuning the wall geometry [40] [41] [42] [43] [44] . In addition, tuning the wall penetrability of particles also changes their properties near the wall, which has potential applications in specific biomedical processes involving drug delivery [45, 46] . In the case of non-planar * raghu@phy.iitb.ac.in † Authors contributed equally to this work. walls, it has been shown that the wall curvature affects the aggregation properties of active particles [26, 47, 48] . Because of the non-equilibrium nature of wall adhesion, the active particles continuously propel, thereby converting internal energy into mechanical work. This property has recently inspired the formulation of active work [49, 50] , and proposed ways of extracting maximum work [50] . Similarly, a passive Brownian particle immersed in a bath of active particles experiences random drive due to the background activity. This property has inspired studies of active heat engines both theoretically [51] [52] [53] [54] and experimentally [55] . It has been shown that curved [39, 56] , and chevron shaped [57] passive tracers which break the rotational symmetry can propel ballistically in an active bath, because of the asymmetry in active particle accumulation on both of its sides. Recent theoretical investigations are aimed to formulate the design principles to optimize the shapes of such passive tracers [58] .
In this article, we numerically study the aggregation of active particles on a non-adhesive circular wall in 2D. The wall is made of circularly arranged particles, separated by a distance of δ, thereby making the wall porous. We find that the morphology of particle aggregates crucially depends on the wall porosity. We observe two distinct cluster morphology as the porosity is increased, one of which spreads entirely along the wall, called connected dense phase (CDP) (Fig 1(a) ) and the other which do not spread along the entire circumference of the wall, called localized cluster, LC (Fig 1(b) ). When the pore size is much larger than the particle diameter, the aggregation becomes insignificant (Fig 1(c) ). Notably, the droplet formation given in (Fig 1(b) ) spontaneously breaks the rotational symmetry of the system, despite the absence of any shape anisotropy. This morphological difference in clustering is more general property, as we have previously investigated in the case of planar walls [59] . We also show that for moderate porosity, the cluster disappears when the radius of the circle is smaller than a threshold value. We finally demonstrate that this breaking of rotational symmetry in the case of droplet formation gives rise to a propulsive motion of a non-static, porous circle, thereby proposing a new way to extract work from the system without any externally induced anisotropy. The rest of the paper is organized as follows: We establish the model of our system in the following section II. In section III, we present our simulation results for both static and nonstatic porous ring. We finally conclude with discussions in section IV.
II. NUMERICAL MODEL
We consider a system containing N disk-shaped active particles in 2D, which are enclosed in a square simulation box of length L with periodic boundaries. The particles interact via a repulsive and short-ranged WCA potential, U = 4 [(σ/r ij ) 12 − (σ/r ij ) 6 ] where r ij < 2 1/6 σ and zero otherwise [60] , r ij being the distance between particles i and j. To model a porous circular wall, we arrange N w 'wall' particles on a circle of radius R at a regular interval of d in such a way that N w d 2πR. Both R and d are invariant throughout the simulation. The active particle interaction potential with the wall U w is also shortranged repulsive in nature. For the sake of simplicity, we assume U w = U . The time evolution of i th particle position r i is determined by the overdamped equation,
where F i = −∇ i U and F w i = −∇ i U w . D is the diffusion coefficient, β = 1/k B T , and η is Gaussian white noise such that η(t) = 0 and η iα (t)η jβ (t ) = δ ij δ αβ δ(t − t ). v 0 denotes the self-propulsive speed of active particles, andê i = (cos θ i , sin θ i ) is the polarity vector, where θ i evolves asθ i = √ 2D r η R i , D r = 3D, is the rotational diffusion coefficient. We choose σ as the unit for distances, τ = σ 2 /D as the units of time, and k B T as the unit of energy. We use the dimensionless Pèclet number P e = v 0 σ/D to parameterize the activity, and δ = d/σ is the dimensionless parameter for porosity. Previous studies have shown that the probability of MIPS in the absence of wall is determined by the ABP motility via P e and the particle area fraction, φ = N a/L 2 , where a = πσ 2 /4, the area of a single ABP [3, 4] . To focus on the dense-phase formation only on the walls, we choose φ = 0.3 for all our simulations, where we do not observe MIPS in the bulk fluid. We study two different systems, one in which the circular wall is static, and the second in which the wall is motile, where center-of-mass of the wall is allowed to translate. In the case of motile walls, we assume the circle to be able to translate and rotate like a rigid body, in response to the active force and the torque applied by the ABPs. Thus, we evolve the centre-of-mass of the ringṙ cm = µ j −F w j (t) where the vector summation is over the number of wall particles and µ = Dβ/N w , the mobility of the circle, and F w is the force due to wall ABP interactions. Also, we calculate the net torque τ (t) = j r j × F w j (t) upon the ring, which is calculated from the vector sum of the torque applied by individual ABPs. The orientation of the circle is defined by the direction of a body-fixed unit vector, which is pointing to one of the specified wall-particles from the center, denoted by the angle, Θ. The orientation Θ evolves according to the relation,Θ = γτ , where τ is the only non-vanishing component of the torque vector, normal to the plane of the circle. We ensure that the size of the simulation box L > 2R in the case of both static as well as motile walls. Keeping these constraints, we study different systems in which N varies from N = 725 to N = 11345 for static walls with R ranging from 16 to 64. For motile walls, we choose R = 64 and N = 11345. We observe that for static walls, the aggregate converge into a steady state at a relatively short time, t < 20.
In this case, we run our simulations until t = 100 and analyze the steady-state behaviour of the system. Each parameter values are examined from 5 to 30 independent simulations. However, for motile walls, the simulations are performed till t = 4500 to calculate the dynamical property of the system. For the system with static circular wall, we numerically study eq. 1 for values of P e from 30 to 240, R from 16 to 64 and δ from 1.25 to 2.05 and determine the characteristics of dense-phase morphology. In the case of motile walls, we analyze the system for 40 independent runs, for various values of porosity and ABP motility.
III. SIMULATION RESULTS

A. Aggregation of ABP's on static circular walls
Our previous study on planar porous walls [59] has shown that in the low porosity limit (δ < 1), the wall is practically impenetrable for the ABPs, causing a uniform dense-phase formation on the surface. On the contrary, when δ 2, the wall permits ABPs to penetrate through easily, causing minimal aggregation on the wall. However, at the intermediate porosity, 1.0 < δ 2.0 the steric hindrance due to the wall is significant, while the ABPs are still able to penetrate through, leading to interesting morphological properties of aggregates. Thus, we focus our analysis at this intermediate range. We observe a similar behaviour in the case of circular walls, wherein the intermediate range of porosity, the dense-phase undergoes a transition from a connected dense-phase (CDP) (Fig 1(a) ) to a localized cluster (LC) (Fig 1(b) ) as we increase the wall porosity, tantamount to the morphological transitions observed in the case of planar, porous walls [59] . This transition has qualitative similarities to wetting-dewetting transition observed at equilibrium liquid-solid interfaces. We thus focus our analysis on characterizing such transitions closely.
Effect of pore size and particle motility
To systematically study the change in dense-phase morphology on a static ring as a function of P e and δ, we consider the ring to be of a fixed radius, R = 64, and analyze the ABP aggregation for different δ and P e. We observe the formation of dense-phase clusters for a range of values of P e and δ. To quantify the dense-phase formation, we assume that an ABP has adhered to the wall if its separation from the wall particle is less than the interaction cut-off, r cut = 2 1/6 σ. Also, we define a cluster as a collection of particles where each particle is present within the interaction cut-off range, a distance 2 1/6 σ, of at least another particle in that group. This way, we compute the fraction of total ABPs, which are part of the dense-phase cluster on the wall, called cluster fraction N c . We find that for P e < 30, N c 0 for all values of δ. However, for larger P e, N c reaches a steady non-zero value for a range of δ, within a short time (t < 20). In Fig 2 we show the N c averaged over the steady-state values, as a function of δ for different P e. We find that for δ 1.5, N c saturates at a large value (0.55-0.7), with more than half of the ABPs becoming a part of the dense-phase. At this regime, N c is weakly dependant on the value of δ for all P e. A qualitative examination reveals that the aggregate on the wall forms a CDP at this range of δ. However, for δ 1.55, N c abruptly decreases to a lower value, where the number of ABPs in the dense-phase reduces to less than half of the total amount. We qualitatively observe the formation of a localized cluster for this range. When δ > 1.9, N c decreases rapidly again, indicating negligible dense-phase formation on the wall with N c 0.
To draw a quantitative distinction between different dense-phase morphology, we calculate the normalized angular spread, ∆θ/2π of the dense-phase on the circular wall. To calculate this quantity, we identify the largest cluster made of ABP using the cluster definition defined previously and locate the edge of the cluster on the wall where the cluster thickness drops abruptly. Such edges do not exist for CDP where ∆θ = 2π. In Fig 3(a) we plot ∆θ/2π as a function of δ for different P e. When δ < 1.6, the dense-phase form a CDP on the circular wall, where ∆θ/2π = 1 for large enough ABP motility (P e > 30). Around δ 1.6, we observe a transition from CDP to LC where ∆θ decreases abruptly from 1 to a lower value ( Fig. 3(a) ). In this regime, the angular spread is 0.2 to 0.4. This transition is consistent with the qualitative observation in Fig 2. Further increasing the pore size δ > 1.85, we find that the previously observed single prominently large cluster disappears with θ/2π 0.2 and the ring circumference is covered by very small clusters of rapidly fluctuating sizes. We also note the observation, as previously predicted, that for a very low value of P e = 30, the system behaves similarly to passive Brownian particles and do not show significant aggregation.
We also calculate the local ABP density as a function of the radial distance r from the centre of the circle, φ(r, ∆r) = N (r)/4π (r +∆r) 2 −r 2 , with N (r) being the number of particles in the shell between r and r + ∆r. As shown in in Fig 3(b) , we examine three values of δ, which show distinct aggregation properties, at P e = 150. For all these values of δ, we observe φ(r) reaches a maximum as r → R. The peak value of φ is highest when the wall porosity is small, where the aggregate form a CDP. In this regime, there is a dip in φ(r) at r = R, since a less porous wall does not permit any ABPs on its radial position. For higher porosity (δ = 1.75), the form of φ(r) is relatively broader, while its peak becomes significantly smaller. This can be understood as for the LC, the radial width of the aggregate is higher compared to the clusters in the CDP phase. Also, in this case, ABPs forming the largest cluster (in LC form) is lesser compared to the CDP cluster, therefore the density away from the wall is also relatively higher. Beyond δ = 1.95, the local density is nearly constant with a peak at R. As noted from Fig 3(b) with only a few particles in clusters, the localized distribution of particles φ(r) is more evenly distributed.
The change in morphology of ABP dense-phase around δ 1.6 is similar to the CDP-droplet transition, which we report in a different study [59] . A qualitative explanation for this transition is as follows. At large porosity δ 1.6, we permit more ABPs to penetrate through the wall. These ABPs effectively change the interaction of the aggregate particles on the other side of the wall, which effectively manifested as a change in local tangential and normal interaction pressure components, p T , and p N , respectively. We observe a morphological transition when p N dominates over p T near the wall.
2. Effect of wall radius, R and system size, L.
In the case of moderate porosity 1.6 < δ < 2.0, the aggregation at the wall takes place when particles from both sides of the wall meet at each pore, blocking each others passage. This mechanism requires an adequate number of particles both inside and outside the circle. Since the absolute number of particles inside the circle depends on the area of the circle, the aggregation properties can vary with a change in R, even though all the other parameters, such as δ and P e are kept constant. In this section, we examine the effect of the ring radius by analyzing the aggregation properties by varying R from 16 to 64. To investigate the effect of wall radius on the stability of the two distinct phases, we examine the role of changing R in two scenarios. In Fig 4(a) we show the angular spread ∆θ of the dense-phase for different R, for a fixed particle motility (P e = 150), as a function of δ. In the CDP regime (δ < 1.6), ∆θ is independent of δ, indicating no qualitative change in dense-phase morphology. However, in the LC regime (1.65 < δ < 1.9), we observe a reduction in ∆θ when R < 22. To further analyze this behaviour, we fix the wall porosity at a moderate value δ = 1.75 to maintain a LC phase and vary the P e. As shown Fig 4(b) , the qualitative behaviour of ∆θ is different for R < 22 in comparison to systems with larger R, where ∆θ increases monotonically with P e. The low value of ∆θ for small R at large P e is also indicative of negligible dense-phase formation near the wall. This disappearance of dense-phase is expected, since for a constant φ, the number of particles decreases as R −2 with the decrease in the radius, whereas the number of particles on the wall decreases as R −1 . When R = R * , the interior of the circle has a sufficient number of particles to block the pores, such that αφπR * 2 = 2πR * , where α is a constant. For R * = 22 we observe α ≈ 0.3 which is comparable to the value of N c , the fraction of total ABP part of the dense-phase. Increasing P e increases the penetration of the ABPs, leading to less clogging at the wall.
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On the other hand, for CDPs at δ 1.55, the ABP penetration through the wall is very low, and therefore particles can accumulate on both sides independently. Thus, the clustering still occurs even at a small R (analysed here till R = 16). In Fig 5(a) , we plot the radial density distribution φ(r) for δ = 1.25 and P e = 150 for different values of R. We maintain a fixed ratio of the ring radius to the box size with R/L = 0.15 in our simulations, to ensure a consistent ratio of ABPs inside and outside the ring. For large values of R, we observe that the density outside, far away from the wall, is ap- proximately the same as the ABP density at the center, while the φ(r) peaks as r → R in all cases. However, for R 24, φ(r ≈ 0) is almost zero. Since the majority of the particles inside the ring accumulate on the inner ring surface. We also consider the finite-size effects in our system. As seen in Fig 5(b) , the ABP density profile inside the ring remains constant for an increase in L. This is because, for a constant φ, the total number of particles contained within the ring of a fixed radius remains constant. On the other hand, an increase in the simulation box size leads to an increase in the particles in the ring exterior leading to a concomitant increase in φ(r).
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Asymmetry in aggregate deposition
In our simulation, it is straightforward to examine the fraction of the total number of particles which aggregate on the inner and the outer surface of the circle. For a less porous ring, ABPs are confined to their respective regions inside and outside the boundary. Therefore, for a constant φ, this distribution is a function of the ratio of the area of the two regions. This property is evident in Fig 5(b) , where the value of φ(r) is higher outside the wall at larger values of L. More interesting is the situation for a porous wall, which permits the particles to cross from inside of the ring to outside and vice-versa. In Fig 6 we plot separately the number of ABPs inside and outside the ring at P e = 150 and δ = 1.75 where the aggregate is in LC form. We observe an asymmetry in the number of ABP deposition, since most of the time a larger number of particles are deposited on the outer surface. This property is more clear in the time-averaged number of particles on the outer, as well as on the inner surface of the wall (Fig 6) (a). In Fig 6(b) we plot the difference (N out − N in )/N for five independent simulations, which reaffirms the larger number of aggregates on the outer surface of the wall. This observation is significant as it implies that there is a net imbalance in the active force applied by the adhered particles on the wall, as every particle has the same propulsion. Our analysis shows that there is an imbalance in the number of particles that adhere inside and outside of the circular ring. This imbalance can result in a nonvanishing net force, especially when the dense-phase forms LC. When the circular ring becomes motile, the non-zero net force can cause a directed locomotion of the ring. Here we examine the possibility of using the aggregation anisotropy as a possible propulsion mechanism of a passive ring. We make ring displaces as a rigid body due to the net force acted on its wall particles, using the method described in section II. Keeping the radius constant at R = 64 and activity P e = 150, we study the dynamics of the ring for δ = 1.25 and δ = 1.75, where we observe CDP and LC respectively in the case of static walls. In Fig 7(a) we plot the trajectory of the centre-of-mass of the ring and compare it for δ = 1.25 and δ = 1.75. Although the propulsion speed and the total number of ABPs are identical for both the cases, the ring with higher porosity covers a much larger distance at a given time. This difference in trajectories indicates that there exists a propulsion mechanism of porous rings when the dense phase is in the LC form on its surface.
The difference in the dynamics of the ring for different δ is more evident when we compare mean-squaredisplacement (MSD) of the centre-of-mass of the ring in Fig 7(b) . When the dense-phase form CDP at δ = 1.25, the MSD shows a diffusive dynamics, indicating the lack of long-term correlation in net forces acting on the ring. However, for δ = 1.75 (LC), the MSD behaviour is qualitatively different. In this case, we observe a diffusive behaviour at low time-scale, as in the case of CDP. However, at later times we observe a cross-over to a nearly ballistic dynamics, indicating a more correlated force acting on the ring. This cross-over from a diffusive to a nearballistic dynamics is similar to show a crossing-over from diffusive motion at short time scales to super-diffusive, is characteristic of self-propelled particles [61] . Though the wall-particles are themselves not self-propelled, the coordinated behavior of the aggregates in case of discontinuous droplets leads to directed behavior. This behaviour clearly indicates that it is possible to extract useful work from the bath of ABPs without inducing any shape anisotropy of the passive particle. We note that the self-propulsion is most effective when the dense-phase form a LC on the surface, at moderate values of δ.
IV. SUMMARY
We have studied the morphological transitions in aggregates in the presence of circular porous walls and studied its variation with wall porosity and particle mobility. We observe a qualitative change in aggregate morphology as the wall porosity is increased from a small to moderate value, from a continuously spread cluster to a localized cluster. At high porosity, the aggregation on the wall becomes negligible. We also show that the aggregation behaviour depends on the radius of the ring, especially at moderate porosity values where the aggregate forms a localized cluster. When the ring radius is smaller than a critical value, the aggregation on the ring becomes negligible. We also observe an imbalance in the number of ABPs aggregated outside and inside of the ring. This imbalance causes a net non-vanishing force in the localized cluster geometry. We show that it is possible to make use of the net force on the ring, and convert into a directed motion and thereby extract useful work out of the system.
Our numerical study is significant in understanding the collective spreading of self-propelled elements on substrates. The transition from a connected dense-phase to localized clusters is already reported in planar, porous walls in a previous study [59] . This study shows that such a transition exists even in the case of curved substrates. Additionally, we also show that the effect of the wall radius in dense-phase behaviour is significant. Knowledge of such spreading behaviour will be useful to design geometries that prevent the spreading of microbes, especially in the context of recent studies showing the significance of MIPS in microbial adhesion on substrates [62] . Additionally, we show that one can extract useful work out of the system without externally inducing shape anisotropy in substrates. This observation will be interesting in the context of recent studies on the design of active heat engines.
